Study of critical behavior in concrete during curing
by application of dynamic linear and nonlinear means
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The monitoring of both linear and nonlinear elastic properties of a high performance concrete during
curing is presented by application of compressional and shear waves. To follow the linear elastic
behavior, both compressional and shear waves are used in wide band pulse echo mode. Through the
value of the complex reflection coefficient between the cell matériadite) and the concrete within

the cell, the elastic moduli are calculated. Simultaneously, the transmission of a continuous
compressional sine wave at progressively increasing drive levels permits us to calculate the
nonlinear properties by extracting the harmonics amplitudes of the signal. Information regarding the
chemical evolution of the concrete based upon the reaction of hydration of cement is obtained by
monitoring the temperature inside the sample. These different types of measurements are linked
together to interpret the critical behavior. D03 Acoustical Society of America.
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I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

Concrete, especially Ultra High Performance Concrete A cubic-shaped volume 2616X 16 cn? constructed of
(UHPC), is well known to be a complex, multiscale wooden walls and a base of Lucite is used for the experiment
material* The physical properties of concrete evolve signifi- (Fig- 1). High Performance Reactive Powder Concrete com-
cantly during curing, experiencing a phase change, a critica?osed of P_o_rtland cement, thln_ sand, S|I|(_:a fume, water, and
behavior, from the liquid to solid state. The hardening ofSUPerplasticize(Tables I and I}, is poured into the box, and
concrete caused by the reaction of hydration of the cement i€ monitoring commences immediately. Two wide band pi-
a well-studied proceZsand there are many papers dealing ezoelectric transducers of 500 kHz central frequency, are at-

. . . . . tached to the Lucite base of the experiment cell. One trans-
with the linear elastic properties of concrete during cufifig. .

L ducer generates compressional and the other shear waves.
Furthermore, _'t IS known. that hardened concrete shows NOMs6th transducers are operated in pulse echo mode. From the
linear propgrﬂe%related in some manner to the presence Ofneaqyred reflection coefficients and the density, we can cal-
microcracking. We are not aware of any studies that monitog,jate the elastic moduli of the concreteee below and
both the linear and dynamic nonlinear elastic parameteryjiow their evolution with time. In order to obtain the non-
through a phase change. Nonlinear techniques have the ppnear response, we transmit pure-tone compressional waves
tential to help us unravel the complex physical propertyat 8 kHz across the sample at 20 successively increasing
changes that take place during a phase change. Concrete isiaplitudes. The piezoceramiBZT) emitter and receiver are
complex and interesting candidate for study because thdriven at 8 kHz, far from their natural resonant frequency
phase change takes place over several hours and therefdd®d0 kHz and 200 kHz, respectiveland placed in direct
one can probe the materia' many times during the Change_contact W|th the concrete through hOIeS in the Ce" Wa||S. We

This paper begins with a description of the experimentamonitor the amplitudes of harmonics in the transmitted sig-

configuration, followed by a description of experimental re-"@l s a function of the amplitude of the fundamental. In
sults. discussion. and conclusions order to avoid interfering effects, the linear and nonlinear

measurements are performed at successively different times
over the duration of the experiment. That is, the reflection
dElectronic mail: lacoutur@ccr.jussieu.fr coefficient measurement is conducted, and following this, the
YElectronic mail: paj@lanl.gov ' ponlinear transmission data are collected, and so on at 5 min
©Electronic mail: tenoudji@ccr.jussieu.fr intervals. Data are stored and analyzed on the computer. The
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TABLE II. Chemical composition of HTS cemei#b).

(a) PC with ';D converter
Concrete HTs cement
C,S(3Ca0H,SiQ) 62—64
: f C,S(2Ca0H,SiQ) 18-21
; TS C,A(3CaOH,ALO,) 3.8-4.4
Nonlinear part i o C,AF(4CaOH,ALO;,Fg,05) 6.5-7.4
/ 92U 92U
Amplifier Lucite Pz = M 2 (1)
A
where M=\+2u for longitudinal waves andV =y for
Wave generator _ shear waves, with and u being the Lamecoefficients. In
Linear part the case of a viscoelastic materldl is complex. For har-
A.S. A. : Acoustical Signal Analysis monic waves Eq(l) becomes
(b) —pw’U=—-MKk?U, 2
Thermocouple
Concrete wherek is the wave number,
w2
Transmitter P — k2 (3)
m .
Writing k=K’ +ik”, the phase velocity is given by
Receiver Interface : o
concrete-lucite
c= F (4)

Lucite The stress amplitude reflection coefficient is given by

-7

P-wave transducer S-wave transducer r=
z,+2z;’

)
FIG. 1. (a) Bird's-eye view of experimental container showing location of . L. . .
transducers(b) side view of experimental container. The nonlinear signals Wherez, is the acoustic impedance of the first medium, here
are obtained from the waves traversing the box at its midpoint. Thethe Lucite, andz, is the acoustic impedance of the second
wavespeeds are obtained from the reflection coefficients ofPthend medium. the concrete.
bS;/;zves between the Lucite base and the concrete shown at the container The impedance is given by

z=+/pM. (6)
temperature is monitored using a thermocouple embedded iln

the sample and the ambient temperature is measured with g(tjhe frequ??r(]:y [a”_%e 100 I_<Hz—60?| kHZ’I t_?ﬁ aCOIUSt'C Im-
separate thermocouple. pedancez; of the Lucite remains mostly real. The values are

z,=2x10° Rayl for longitudinal waves and,=10° Rayl

for shear waves. It is observed that the impedance of the
IIl. THEORETICAL CONSIDERATIONS concretez, happens to be highly complex at certain stages of
the cure.

The complex reflection coefficientis obtained in the
The Young's modulu& and Poisson’s ratie are calcu-  frequency domain by applying a Fourier transformatiah
lated from the reflection coefficient of longitudinal and shear3po kH2 of the reflected pulse at the interface concrete-
waves. In an homogeneous medium of dengitghe wave Lucite, normalized in modulus and phase by the amplitude of

equation of the displacemeltin one dimensiorx is given  a air-air reflected signal, as reference. The valuezpis

A. Linear elastic moduli

by calculated with the assumption of an approximately constant
concrete density 0p=2.1.1G kg/nr.
TABLE I. Cement paste composition. The shear and compressional phase velocijeandc,

are evaluated using relatiori§) and (4). In the following,

Dry mass ratio the medium is considered as homogeneous. In this case the

(normalized  Granulometry

Component Density  to cement (um) Young’s modulusE and Poisson’s rati@ are given by
HTS cement 3.17 1 20 c2
BE31 sand 2.65 11 310 1-2 2
MST f_ume silica N 2.27 0.25 0.2 E= 2pC§(l+ v) and v= g ) 7
Mapei X404 superplasticizer 1.1 0.011 cs
Water 1 0.213 211-—
Cp
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FIG. 2. Shear wave reflection coefficient and temperature in the sample bey@®and 95 h(b) 10 and 38 h. The shear and compressional wave reflection
coefficients lead to the calculation of the velocities and the elastic moduli.

It is clear that in its initial stage, the concrete has almost ndvardening will manifest itself by the increasing values of the
shear elasticity, being fluid. The shear wave velocity is thereYoung's modulus and a decrease of the Poisson’s ratio to-

fore zero. In consequence, the early values of the Young'syard 0.2 approximately when the concrete has hardened.
modulus are zero, and the Poisson’s ratio equals 0.5. The
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FIG. 3. (a) Velocities and temperature between 25 and 38hYoung’'s modulus and Poisson’s ratio between 25 and 38 h.

B. Nonlinear elastic moduli (Landau typ&), and « is the “nonclassical” nonlinear
The nonlinear moduli are extracted by using theparameter that describes hysteresis in the stress—strain

Preisach-Mayergoy7 space model of Guyer and relation.s anda can be calculated with the assumption that

McCall~1° This model tells us that, in one dimension, thethe measurements reflect a value proportional to ac-

nonlinear contribution to the modulus can be written celeration:?
k(x,t)=Be+...—a[Ae+signe)e], (8) c2A c2A
| | | pr =5 and ax 2, ©
where g is the “classical” second order nonlinear parameter (A1) (Ag
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wherec, is the compressional wave veloci#y, andA; are before the Igrge therr_ngl peak wherg the curves of tr_]e shear
the amplitudes of the second and third harmonics, resped¥ave reflection coefficient for the different frequencies re-
tively, and A, is the amplitude of the fundamentéhput  Join together(Fig. 4).

wave, all measured at the detector. By plotting the funda- N the nonlinear portion of the experime(iig. 5), the
mental wave amplitude versus the harmonic amplitudes dfansmission of the wave is possible only after 23 h, meaning
successively larger amplitudes, one can extract the nonlinedfat the fluid material entirely dissipates the wave before this

coefficients by fitting the data. time. The signal can be measured beginning at this time, but
it is not until hour 28 that the second harmonic data are
IV. RESULTS AND ANALYSIS reliable, and at hour 30 for the third harmonic détég. 5

. o . corresponding to the rise of the Young’s modulus from zero
Figure 2 shows the temperature measured within the iN21d the decrease of the Poisson’s ratio from(6if. 3. We
terior of the sample and the shear wave reflection CoefficierBase our reliability on the power law dependence between

meas_ured a_t the ba_se of the Sa”?p'e as described above, & fundamental, and second and third harmonic amplitudes.
function of time during the experiment. Due to the progres-

. ) ) . ) ) ) ccording to Eq.(9) above from theP-M space model, the
sive shrinkage of the material during curing, a disbonding onwer law relation should be two in both cases. Noisy har-

the transducers occurs at approximately 38 h after mixini1 : L : .
o Lo onic data with indefinable slopes are observed until the
(this is a problem we are currently addressing in order tq

study the behavior for longer periods of tim@he primary times noted above. Figure 5 illustrates several harmonic data

chemical reaction begins at approximately 20 h as evidence%etS taken at various “"‘_‘es in the experlm_ent. We_ show data
by the slope change in the temperature curve. Figua 3 sets taken during the fluid phagmttom), during partial con-

shows the compressioné®) and shea(S) wave velocities, nection(top left) and when full connection takes pla@®p
ight). In all cases, at low drive levels the harmonics lie in

and the temperature, as a function of time between 25 and 3P . | . )
h. Figure 3b) shows Young's modulus and Poisson’s ratio th€ noise, and emerge at decreasing amplitude levels during

versus time, calculated from the reflection coefficient showrj1® curing process. Figur&(@ shows us only the reliable

in the previous figuréFig. 2). It is at this time that isolated Narmonic dependencies obtained throughout the experiment.
solid regions begin to form in the material, however, theln Fig. 6(@) are plotted the variation with time of the power
material remains in a primarily fluid state until about 29 h, aslaw coefficient of the second and third harmonic amplitude
seen more clearly in the behavior of the moduli in Figh)3 dependences versus the amplitude of fundamental after 28 h.
where the Young’s modulus remains zero and the Poisson*/e observe a slope of approximately 2 beginning at hour 28
ratio remains at 0.5. The correlations between the steep ridé\2 1) and 30 Az). The data are noisy and the error bars
in temperature shown in Fig. 3 and the minimum in the re-indicate this, but the mean values are approximately 2. We
flection coefficient shown in Fig. 2 have been studiedbelieve that the observed dependence differs slightly from
previously? As seen in Fig. 4, a frequency effect is notice- two because of the perturbation caused by resonances within
able in the beginning of the cure starting at approximately 2@he cell. As the experiments are being performed in a con-
h. The acoustic impedance is larger at higher frequencies artthuous sinusoidal excitation mode, a stationary wave within
the minimum shifts to later time with higher frequency. Full the cell is possible. This effect is less pronounced in the early
connection takes place at approximately 36—38 h slightlypart of the cure when the attenuation is more pronounced and
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FIG. 5. Harmonic versus fundamental amplitudes.

the multiple reflected signals at the interfaces are small. Asude of the fundamental. The slope of two in the harmonic
the attenuation decreases during the cure and the amplitudenplitude dependence for the second and third harmonic in-
of the transmitted signal increases, the effect may becomdicates that we are in a nonlinear, nonclassical material.
significant as can be seen on the oscillations on the ampli€lassical nonlinear materials would show a third harmonic
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FIG. 6. (a) Harmonic amplitude dependence between 28 and 3B)Monlinear coefficients between 28 and 38 h.

amplitude proportional to the cube of the fundamental am-of the concrete with the different points in time in the ther-
plitude. Thus we can estimate the nonlinear parametemnal evolution like percolation point or points of connec-
A;/(A,)? of Eq. (9) that are proportional to nonlinear coef- tion of the different type of particles. These effects start
ficients « and B of Eq. (8). The results are shown in Fig. at the percolation threshold that we assume to be at about
6(b). These are relative values of the nonlinear coefficient25 h. This point corresponds at the beginning of the thermal
because we did not collect calibrated accelerations. peak in the temperature curyEig. 2(@)] and to the begin-
Thus, we can try to link the linear and nonlinear dataning of a decrease in the shear modulus reflection coefficient
during curing. From the monitoring of the reflection coeffi- in the shear wave reflection coefficient curyegy. 4) and in
cient, we can see the changes in the mechanical statee harmonic amplitude versus tinfEig. 5 where we ob-
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